Many studies have demonstrated that muscle activity 50 to 100 ms following a mechanical 46 perturbation (i.e., the long-latency stretch response) can be modulated in a manner that reflects voluntary 47 motor control. These previous studies typically assessed modulation of the long-latency stretch response 48 from individual muscles rather than how this response is concurrently modulated across multiple muscles. 49
Although there is strong evidence that the long-latency stretch response accounts for interaction torques 107 (Kurtzer et al, 2008; Kurtzer et al, 2009; Pruszynski et al, 2011a; Soechting and Lacquaniti, 1988) , little is 108 known about whether goal-dependent modulation of the long-latency stretch response reflects kinematic 109 redundancy. As a first step in addressing this question, we used a unique 3 degree-of-freedom 110 exoskeleton and concurrently assessed goal-dependent modulation of long-latency stretch responses 111 from muscles that span the shoulder, elbow and wrist, while participants executed goal-directed reaches 112 to visual targets in the horizontal plane. Beyond the ability to perturb these three joints independently, 113 this experimental task is interesting because it is the simplest scenario that includes kinematic 114 redundancy. 115
We had three specific objectives. First, we tested for goal-dependent modulation of the long-116 latency stretch response at the shoulder, elbow and wrist. Although this effect has previously been 117 demonstrated at each joint in isolation, to our knowledge, no previous work has concurrently assessed 118 modulation from muscles that articulate the three proximal joints of the upper-limb. Second, we sought to 119 identify potential relationships of the long-latency stretch responses between muscles of the upper-limb. 120
Specifically, we tested whether participants who showed relatively large goal-dependent activity within the 121 long-latency epoch at one muscle also showed relatively large goal-dependent activity at other muscles. 122
We also tested whether the temporal onset of goal-dependent muscle activity was constant across the 123 muscles or whether it reflected a proximal-to-distal gradient associated with conduction delays. Third, we 124 examined whether modulation of the long-latency stretch response reflects multi-joint characteristics of 125 goal-directed actions -specifically, kinematic redundancy and interaction torques. In our task, 126 mechanical perturbations applied at the elbow move the hand in such a way that the task can be 127 successfully achieved by responding with the wrist. The reciprocal relationship is also present -128 mechanical perturbations at the wrist can be successfully counteracted by responses at the elbow. Thus, 129 we tested whether elbow perturbations yielded goal-dependent modulation of the long-latency stretch 130 response in wrist muscles, and vice versa. Furthermore, due to intersegmental dynamics, rapidly flexing 131
Apparatus and Procedures 143
Participants completed the experiment with a unique 3 degree-of-freedom exoskeleton robot (Interactive 144 Motion Technologies, Boston, MA. Figure 1A) . The exoskeleton allows flexion and extension at the 145 shoulder, elbow and wrist in a horizontal plane that intersects the shoulder joint, can apply mechanical 146 flexion or extension loads at all aforementioned joint segments, and is equipped with encoders at each 147 joint that measure movement kinematics (e.g., joint angles) and torque sensors to measure movement 148 dynamics. Visual stimuli were presented downward with a 46-inch LCD monitor (60 Hz, 1920 by 1080 149 pixels, Dynex DX-46L262A12, Richfield, MN) onto a semi-silvered mirror that occluded vision of the 150 participant's arm ( Figure 1B) . Hand position was represented by a turquoise circle (1 cm diameter), which 151 reflected the Cartesian coordinates of the exoskeleton handle that the participants grasped. Participants 152 were seated and the lights in the experimental suite were extinguished for the duration of data collection. 153
Each trial began with the participant moving their hand to a red circle (i.e., home location: 2 cm 154 diameter) that corresponded to the hand position when the shoulder, elbow and wrist were at 70, 60 and 155 10 degrees of flexion, respectively. Participants were verbally instructed to adopt this joint-configuration 156 during practice trials -however, no measures were taken to enforce this specific joint-configuration during 157 data collection. After a 1500 ms delay, a linearly increasing load was applied for 2000 ms at the 158 shoulder, elbow or wrist that plateaued at a constant load of ±3 Nm at the shoulder or elbow, or ±1 Nm at 159 the wrist (i.e., the pre-load). When the pre-load plateaued, visual hand position feedback was removed 160 (i.e., turquoise circle was extinguished). A white target circle (10 cm diameter) was then presented 161 adjacent to the home location at a position where the pre-load would displace the participant's hand 162 directly towards the center of the target, or directly away from the center of the target. After maintaining 163 their hand at the home location for a random duration (1000 -2500 ms) a commanded step-torque (±3 164 Nm, ±3 Nm or ±1 Nm at the shoulder, elbow or wrist, respectively; rise time 2 ms) was applied at the pre-165 loaded joint and would displace the participant's hand into the target (IN condition) or away from the 166 target (OUT condition; Figure 1C ). The participant's task was to move their hand into the target following 167 the perturbation in less than 375 ms. The commanded step-torque was removed after 1300 ms. 168
Performance feedback was provided after each trial. If the participant's response was inaccurate (i.e., 169 they missed the target) or too slow (i.e., they took longer than 375 ms to reach the target), the target 170 colour would change from white to red to indicate an error -otherwise, the target colour would change 171 from white to green ( Figure 1D ; see also Pruszynski et al., 2008) . 172
Participants completed 20 trials of each of the 24 experimental conditions (3 joint segments: 173 shoulder, elbow, wrist; 2 pre-loads: flexion, extension; 2 perturbation loads: flexion, extension; 2 targets: 174 left, right) in a randomized order totaling 480 trials. Trials in which the participant moved outside the 175 home location during the pre-load period were aborted and re-run later in the experiment. Prior to data 176 collection participants completed practice trials until approximately 75 percent of their responses were 177 successfully executed. 178
One participant was unable to successfully keep their hand on the home location in response to 179 the pre-load during practice trials and was thus removed from the experiment. 180
Muscle Activity 181
The participant's skin was abraded with rubbing alcohol and surface EMG electrode (Delsys Bagnoli-8 182 system with DE-3.1 sensors, Boston, MA) contacts were covered with conductive gel. The electrodes 183 were then placed on the bellies of six muscles (pectoralis major clavicular head (PEC: shoulder flexor); 184 posterior deltoid (DELT: shoulder extensor); biceps brachii long head (BI: shoulder and elbow flexor; wrist 185 supinator); triceps brachii lateral head (TRI: elbow extensor); flexor carpi ulnaris (WF: wrist flexor); and 186 extensor carpi radialis (WE: wrist extensor)) at an orientation that runs parallel to the muscle fibers. 187
Although BI acts to flex the shoulder and elbow, as well as supinate the wrist, we analyzed its EMG 188 activity only in relation to elbow movement (i.e., as an elbow flexor). A reference electrode was placed on 189 the participant's left clavicle. EMG signals were amplified (gain =10 3 ), band-pass filtered (20-450 Hz) and 190 then digitally sampled at 2,000 Hz. 191
192

Data reduction 193
Angular positions of the shoulder, elbow and wrist were sampled at 500 Hz. Hand position was computed 194 by taking into account the length of each participant's arm segments (i.e., upper, lower, wrist). Kinematic 195 data were low-pass filtered (15Hz, two-pass, second-order Butterworth) offline. EMG data were band-196 pass filtered (25-250 Hz, two-pass, second-order Butterworth) and full-wave rectified. Muscle activity was 197 normalized to the mean EMG activity of the last 200 ms of the pre-load period when that muscle sample 198 was pre-loaded. For example, PEC and WE muscles were normalized to their activity in conditions where 199 the exoskeleton applied a shoulder extension and wrist flexion pre-load, respectively. Trials when the 200 mechanical perturbation shortened the pre-loaded muscle were not analyzed (hashed lines in Figure 1C ). 201
These trials comprised 12 of the 24 experimental conditions and were included so that participants could 202 not predict the torque direction the exoskeleton would apply at perturbation onset. 203
Data analyses 204
Mean shoulder, elbow and wrist angles, as well as hand position data were computed for each participant 205 from 200 ms before perturbation onset to 450 ms after perturbation onset. EMG activity from an 206 individual muscle was occasionally unusable due to the surface electrode being dislodged by the robot. 207
These data were discarded and not analyzed. Of the remaining EMG data, mean activity within the short-208 latency (i.e., 25-50 ms post perturbation onset) and long-latency (i.e., 50-100 ms post perturbation onset) 209 epochs were computed for the PEC (n = 17/17), DELT (n = 15/17), BI (n = 15/17), TRI (n = 16/17), WF (n 210 = 17/17) and WE (n = 13/17) on a trial-by-trial basis. For each muscle, mean EMG values were submitted 211 to a 2 (epoch: short-latency; long-latency) by 2 (condition: OUT; IN) repeated-measures ANOVA. 212
To determine whether the relative magnitude of participants' goal-dependent activity was 213 consistent across muscles, we computed Spearman rank (i.e., rank-order) correlations with goal-214 dependent muscle activity within the long-latency epoch for all pairwise muscle combinations. Goal-215 dependent muscle activity was computed by determining the difference in mean EMG activity within the 216 long-latency epoch between IN and OUT conditions from the stretched muscle of the mechanically 217 perturbed joint. 218
To estimate the temporal onset of goal-dependent EMG activity for each participant, IN and OUT 219 condition EMG activity from the stretched muscle of the perturbed joint was used to generate a time-220 series (i.e., -200 -450 ms post perturbation onset) receiver operator characteristic (ROC) curve. That is, 221 six time-series ROC curves were computed for each participant -one for each muscle that was stretched 222 as a function of IN and OUT conditions. Briefly, ROC curves quantify the probability that an ideal 223 observer could discriminate between two stimuli conditions: a value of 0.5 represents chance-level 224 discrimination whereas a value of 0 or 1 represents perfect discrimination (Green and Swets, 1966) . 225
Time-series ROC curves were generated for each usable muscle-sample. 226
We used segmented linear regression to fit the time-series ROC curves in order to quantitatively 227 determine the onset of goal-dependent muscle activity. It is important to emphasize that this regression 228 technique is not specific to time-series ROC curves -rather, segmented linear regression partitions any 229 continuous independent variable into two separate segments that have a unique linear relationship to a 230 dependent variable in an unbiased fashion. 231 Model 2 were summed. The time-sample associated with the iteration that yielded the lowest cumulative 242 sum of squares from Model 1 and 2 served as our estimate of when the ROC curve diverged from chance 243 discrimination. Note that Figure 2A shows three functions that fit the ROC data. These functions reflect 244 the segmented fits generated when x i equals 100 (red), 200 (black) and 300 (purple). Figure 2B shows 245 the cumulative sum of squares of these segmented fits and that the lowest cumulative sum of squares 246 occurs when x i equals 200. This iteration coincides with the time-sample where the ROC curve diverges 247 from chance levels of discrimination. MATLAB code that executes the segmented linear regression is 248 provided in the supplementary material. 249
The accuracy of this regression technique to estimate the onset of goal-dependent muscle activity 250 is influenced by the amount of noise in the ROC curve and by the rate at which the ROC curves diverge 251 from chance discrimination (i.e., rise-rate). We simulated ROC curves to determine how the accuracy of 252 the segmented linear regression is influenced when these parameters are systematically manipulated. 253 Figure 3A shows two notable features of these simulations. The first is that all combinations of noise and 254 rise-time result in an overestimation of goal-dependent onset time (i.e., an estimation larger than the 255 veridical goal-dependent onset time). The second is that the magnitude of the overestimation is 256 dependent on the amount of noise in the ROC curve and is further accentuated based on the rise-rate. 257
Given that ROC noise and rise-rates influence the estimation of goal-dependent onset times, it is 258 important to consider how the empirical noise and rise-rate effect the ability of our regression technique to 259 demarcate small onset timing differences between muscles. To examine this issue in the context of our 260 data set we simulated pairs of ROC -using average noise levels and ROC rise times based on our 261 observed data -and shifted the goal-dependent onset time of one curve relative to the other by 1 ms 262 increments. Noise and rise-rates on simulated ROC curves were set to values based on our empirical 263 data. We then determined how many participants would be required to reliably observe imposed 264 differences in onset times at statistical power levels of 70, 80 and 90%. Importantly, given our sample 265 size our simulations indicate that we should be able to reliably identify differences in goal-dependent 266 onset times of 4 to 5 ms (Table 1) . 267
268
RESULTS 269
Features of behaviour 270
Participants were required to quickly move their hand into a visual target following a mechanical 271 perturbation of the shoulder, elbow or wrist that displaced their hand either into the target (IN condition) or 272 away from the target (OUT condition). Following perturbation onset, participants took on average 15 ms 273 and 301 ms to move their hand into the target for the IN condition and OUT condition trials, respectively. 274
For OUT condition trials participants required different amounts of time to enter the target as a function of 275 what joint was mechanically perturbed (shoulder: 351 ms; elbow: 338 ms; wrist: 215 ms). 276
Prior to commencing the experiment, participants were instructed to maintain a joint configuration 277 during the pre-load such that the shoulder, elbow and wrist were at 70, 40 and 10 degrees of flexion, 278 respectively -a posture that would maintain hand position at the home location. As noted above, 279 however, no measures were taken to enforce this posture during the experiment. Thus, participants were 280 able to select from an infinite set of upper-limb joint configurations to maintain the hand at this position. 281
This ability to utilize kinematic redundancy is highlighted in Figure 4 , which shows how the adopted joint 282 angles of the shoulder, elbow and wrist 2 ms prior to perturbation onset differ as a function of the pre-283 load. Visual inspection of Figure 4B and 4C shows an inverse relationship between the elbow and wrist 284 angle that could be used to maintain the required posture -an increase in elbow angle (i.e., increased 285 flexion) was offset by a reduction in wrist angle (i.e., increased extension), and vice versa. We examined 286 this finding by computing the correlation between elbow and wrist angle on a trial-by-trial basis for each 287 participant. The computed correlation coefficients were submitted to a single-sample t-test which 288 demonstrated that the mean of these correlation coefficients (-0.26) was reliably less than zero (t(16) = -289 8.06, p < 0.0001). 290
Mean hand displacement traces when the shoulder, elbow and wrist were perturbed are shown in 291 condition counterparts as participants counteracted the applied perturbation that displaced their hand 303 away from the presented target. Of note is the kinematically redundant relationship between the elbow 304 and wrist. The OUT condition traces on 5D viii show that when the elbow was mechanically perturbed the 305 wrist was quickly incorporated (i.e., ~150 ms post-perturbation) into a movement that transported the 306 hand to the target. OUT condition traces on 5D vi show a similar effect for elbow movement in response 307 to a perturbation applied to the wrist -that is, the elbow quickly assisted moving the hand towards the 308 goal-location following a perturbation applied to the wrist. 309
Stretched muscles display rapid goal-dependency 310
Our first objective was to test whether the stretched muscle that articulated the mechanically perturbed 311 joint displayed goal-dependent long-latency stretch responses. Figure 6A Table 2 . The same pattern of results was observed when post-hoc contrasts were completed 324 with a non-parametric (i.e., Wilcoxon signed-rank) test. 325
Magnitude and temporal relationships of goal-dependency activity between muscles 326
Our second objective had two components. We wanted to determine whether the magnitude of a 327 participant's goal-dependent activity within the long-latency epoch from one muscle was related to the 328 magnitude of their goal-dependent activity within the long-latency epoch from other muscles. To make 329 this assessment, we computed Spearman rank correlation coefficients for all pairwise muscle 330 combinations (Table 3 ). This analysis revealed positive correlations for all pairwise comparisons that 331 were particularly strong for muscles at the same joint (i.e., PEC and DELT, the BI and TRI, and the WF 332 and WE). 333
We also sought to determine the temporal onset of goal-dependent activity across muscles. We 334 did so by using segmented linear regression to fit the time-series ROC curves that were computed for 335 each muscle sample (see Methods). Figure 8A depicts one ROC curve of an exemplar muscle sample 336 (WF) fit with our regression technique. The estimated onset time of goal-dependent activity for this 337 muscle sample was 73 ms after perturbation onset. Estimates of goal-dependent onset times were 338 computed for all muscle samples (grey dots on Figure 8B ) and submitted to an independent samples one-339 way ANOVA to determine whether these times differed as a function of muscle. Results of this analysis 340 yielded no reliable differences, F(5,86) = 0.66, p = 0.67. Although no differences were observed, it is 341 important to note that several of these estimates fall well outside the long-latency epoch and were 342 obtained from muscles that did not show goal-dependent long-latency stretch responses. We re-ran this 343 analysis with only the estimates from muscles that showed reliable mean EMG differences (i.e., p < 0.05) 344 between IN and OUT conditions within the long-latency epoch (black dots on Figure 8B ). Results of this 345 analysis also yielded no reliable differences, F(5,48) = 0.52 p = 0.76. The mean estimate for the onset of 346 goal-dependent activity across muscles was 64 ms (SD=16) post perturbation onset. 347
We further tested whether goal-dependent onset times differed across muscles by identifying a 348 total of 22 elbow / non-elbow muscle pairs (e.g., BI and PEC; TRI and WE) across all participants that 349 both displayed reliable (i.e., p < 0.05) goal-dependent long-latency stretch responses following an elbow 350 perturbation. ROC curves were generated for these muscle samples, each fit with our segmented linear 351 regression technique to estimate the onset of goal-dependent activity, then compared with a paired-352 sample t-test. We again found no reliable difference in goal-dependent onset time between elbow 353 muscles and muscles at the shoulder or wrist following an elbow perturbation (t(21) = 0.78, p = 0.48). The 354 mean estimate for the onset of goal-dependent activity of elbow and non-elbow muscles following an 355 elbow perturbation was 66 ms (SD=16) post perturbation onset. 356
357
Multi-joint modulation of the long-latency stretch response. 358
Our third objective examined whether modulation of the long-latency stretch response reflected two multi-359 joint characteristics of goal-directed actions: kinematic redundancy and interaction torques. In terms of 360 kinematic redundancy, we sought to determine whether modulation of the long-latency stretch response 361 of elbow muscles would display an appropriate pattern of goal-dependent activity when the wrist had 362 been mechanically perturbed. We also sought to address the reciprocal relationship -that is, to 363 determine whether long-latency stretch response of wrist muscles would display appropriate goal-364 dependent activity following mechanical perturbations of the elbow. 365 Figure 9A shows the mean EMG profile of TRI activity in response to a perturbation that flexed 366 the wrist whereas Figure 9D shows the mean EMG profile of BI activity following a perturbation that 367 extended the wrist. Both panels contrast the EMG activity in response to a perturbation that displaced the 368 hand into the target (IN condition) and away from the target (OUT condition). Paired sample t-tests 369 revealed that long-latency stretch responses had larger activity for the OUT condition compared to their 370 IN condition counterpart for both the TRI (t(15) = 3.06, p = 0.008) and BI (t(14) = 2.30, p = 0.037). A 371 similar effect was observed for muscles that articulate the wrist when the elbow was mechanically 372 perturbed. Figure 9B depicts activity of the WE in response to a mechanical perturbation that flexed the 373 elbow, whereas Figure 9E depicts WF activity following a perturbation that extended the wrist. Results 374
show that long-latency stretch responses were larger for OUT conditions compared to IN conditions for 375 both the WE (t(12) = 2.21, p = 0.047) and WF (t(16) = 3.22, p = 0.005). 376
It is possible that these findings were due to rapid muscular co-contraction following a 377 perturbation at an adjacent joint that displaced the hand away from the target. For example, following a 378 wrist extension perturbation that moved the hand away from the target, it is possible that WF and WE 379 rapidly co-contracted. To test this possibility, we performed four additional comparisons that contrasted 380 activity of the long-latency stretch response when the perturbation displaced the hand in or away from the 381 target. Specifically, we compared: WF long-latency activity following an elbow flexion perturbation; WE 382 long-latency activity following an elbow extension perturbation; BI long-latency activity following a wrist 383 flexion perturbation; and TRI long-latency activity following a wrist extension perturbation. Note that these 384 comparisons are of the antagonist muscles from the conditions previously tested. Results of these 385 comparisons showed that there was either no reliable difference in the activity of the long-latency stretch 386 response between OUT and IN conditions (BI: t(14) = -1.47, p = 0.16; WF: t(16) = -1.38, p = 0.19; WE: 387 t(12) = 1.09, p = 0.30) or that the long-latency stretch response was reliably smaller for OUT condition 388 trials relative to their IN condition counterpart (TRI: t(15) = -3.16, p = 0.006). Thus, long-latency stretch 389 responses of wrist muscles displayed selective goal-dependent activity when the elbow was mechanically 390 perturbed in a manner that assisted transporting the hand to the goal location. The same was also true 391 for long-latency stretch responses of elbow muscles when the wrist was mechanically perturbed. 392
In terms of interaction torques, we sought to determine whether elbow perturbations generated 393 goal-dependent long-latency stretch responses in shoulder muscles appropriate to counteract interaction 394 torques (see also Kurtzer et al, 2014) . Figure 9C shows the mean EMG profile of DELT activity in 395 response to a perturbation that flexed the elbow whereas Figure 9F shows the mean EMG profile of PEC 396 activity following a perturbation that extended the elbow. Both panels contrast the EMG activity in 397 response to a perturbation that displaced the hand into the target (IN condition) and away from the target 398 (OUT condition). Paired-sample t-tests demonstrated that when the elbow was perturbed into flexion, 399
DELT long-latency stretch responses were reliably larger for OUT condition trials compared to their IN 400 condition counterparts (t(14) = 3.11, p = 0.008). Furthermore, when the elbow was perturbed into 401 extension, PEC long-latency stretch responses were also larger for OUT condition trials compared to IN 402 condition trials (t(16) = 2.91, p = 0.01). These shoulder responses are appropriate to counteract 403 interaction torques generated by the elbow motion used by participants to transport their hand into the 404 target. In order to rule out general co-contraction of all shoulder muscles in response to elbow 405 movement, we contrasted OUT and IN condition DELT long-latency stretch responses when the elbow 406 was perturbed into extension, and OUT and IN condition PEC long-latency stretch responses when the 407 elbow was perturbed into flexion. Results showed that long-latency stretch responses of the DELT were 408 reliably smaller for OUT condition compared to their IN condition counterparts when the elbow was 409 perturbed into extension (t(14) = -2.15, p = 0.05), whereas there was no reliable difference between OUT 410 and IN conditions for the PEC long-latency stretch responses following a perturbation that flexed the 411 elbow (t(16) = -1.46, p = 0.16). These findings again demonstrate a selective and appropriate modulation 412 of the long-latency stretch response to complete the goal-directed action. 413
414
DISCUSSION 415
We assessed modulation of short-latency and long-latency stretch responses from shoulder, elbow, 416 and/or wrist muscles while participants responded to mechanical perturbations by placing their hand into 417 visually defined spatial targets. The targets were strategically placed such that the same perturbation 418 displaced the hand directly into, or away from, a target -a manipulation previously shown to elicit robust 419 goal-dependent activity in the long-latency epoch at the shoulder and elbow (Pruszynski et al., 2008). 420
Unlike previous studies using this approach, we focused on the concurrent modulation across multiple 421 muscles that span the three proximal joints of the upper-limb. Important in this effort was a unique robotic 422 exoskeleton that can measure and perturb movement at the shoulder, elbow and wrist while the 423 participant's hand is constrained to move in a horizontal plane at the level of the shoulder. We report four 424 principle findings. First, goal-dependent modulation of the mechanically stretched muscle was never 425 present in the short-latency epoch but always present in the long-latency epoch. Second, the relative 426 magnitude of a participant's goal-dependent activity at one muscle was positively correlated with the 427 relative magnitude of the goal-dependent activity at the other muscles. Third, the temporal onset of goal-428 dependent activity was statistically indistinguishable across the proximal-to-distal muscles of the arm. And 429 fourth, goal-dependent activity was coordinated across muscles spanning the elbow and wrist joint such 430 that mechanical perturbations applied at one joint were readily countered by responses at the other joint. 431
Taken together, our results strengthen the claim that long-latency stretch responses are flexibly 432 coordinated across muscles to support goal-directed actions. 433
Goal-dependent modulation of mechanically stretched muscles 434
We observed both short-latency and long-latency stretch responses in muscles that were lengthened by 435 the mechanical perturbation. Consistent with many previous studies, we found no evidence of goal-436 dependent modulation in the short-latency epoch for any muscle (for review, see Pruszynski and Scott, 437 2012). That is, we found no reliable difference in the evoked muscle response when contrasting the IN 438 and OUT conditions for the same applied mechanical perturbation. Despite the lack of modulation 439 observed using our task, it is important to emphasize that the short-latency stretch response is not 440 immutable. Indeed, many studies have shown substantial changes in the sensitivity of the short-latency In contrast to the short-latency stretch response, all muscles showed robust goal-dependent 449 modulation in the long-latency epoch, starting approximately 65 ms after perturbation onset. This 450 difference between the short-latency and long-latency stretch response likely reflects differences in the 451 neural circuitry that underlies the muscle activity in these epochs (for reviews, see Matthews, 1991;  ). An added complication is that these 461 distinct neural generators may have unique or overlapping functional capacity. For example, it has been 462 demonstrated that the long-latency stretch response can be functionally segregated into two components: 463 one that is sensitive to task-goals but not the pre-perturbation load environment and another that is 464 sensitive to the load environment but not task-goals (Pruszynski et al., 2011b). Interestingly, follow-up 465 work revealed that both of the goal-dependent and load-dependent components account for the 466 intersegmental dynamics of the arm (Kurtzer et al., 2014) . 467
The neural basis of goal-dependent modulation within the long-latency epoch -the focus of the 468 present study -is also largely unknown. One possibility is that such modulation reflects processing within 469 a transcortical pathway centered on primary motor cortex (for reviews, see Matthews, 1991; Pruszynski 470 and Scott, 2012; Pruszynski, 2014) . Neurons in primary motor cortex respond quickly to mechanical 471 perturbations (Cheney and Fetz, 1984; Evarts and Fromm, 1977; Evarts and Tanji, 1976 
Goal-dependent modulation of the long-latency stretch response across muscles 492
Many studies have demonstrated goal-dependent modulation of the long-latency stretch response from 493 muscles at the shoulder, elbow and/or wrist (for review, see Pruszynski and Scott, 2012). To our 494 knowledge, however, our work is the first to concurrently analyze goal-dependent modulation from 495 muscles at all these joints. Simultaneously recording and analyzing responses from multiple muscles that 496 span multiple joints yielded two notable findings. 497
We found that the relative magnitude of goal-dependent modulation was consistent across 498 muscles. That is, a participant that showed a relatively large (or small) difference between evoked 499 responses for IN and OUT conditions at one muscle tended to also show a relatively large (or small) 500 difference at their other muscles. Such a finding suggests that the neural network that supports the long-501 latency stretch response receives a common goal-dependent input that is used to modulate all muscle 502 activity. Neurons in primary motor cortex are a possible target for such a common input as they often 503 make functional connections with more than one muscle spanning several joints (Fetz and Cheney, 1980; 504 Buys et al., 1986; McKiernan et al., 1998) . Further studies should investigate this possibility. In addition 505 to our analyses, which focused on mean EMG responses across muscle samples, it would be interesting 506 to test whether and how goal-dependent activity is structured on a trial-by-trial basis. For example, in 507 terms of kinematic redundancy, muscles that both contribute to task success may show a reciprocal 508 amount of goal-dependent activity on a trial-by-trial basis. We were unable to reliably assess this type of 509 relationship because we collected 20 trials per experimental condition and previous work suggests that 510 approximately 40 trials are required to reliably correlate long-latency stretch response at the single trial 511 level (Pruszynski et al, 2011b) . 512
We also found that goal-dependent activity began approximately 65 ms following perturbation 513 onset regardless of whether the muscle spanned the shoulder, elbow or wrist. Our finding runs counter to 514 previous work demonstrating that shoulder muscles are activated prior to elbow muscles during voluntary 515 reaching movements (Karst and Hasan, 1991) and was unexpected given afferent and efferent 516 conduction delays. Conduction velocities of ~50-70 m/s (Ingram et al., 1987; Macefield et al., 1989) and 517 the ~30-50 cm distance between the shoulder and wrist muscles would yield goal-dependent activity at 518 shoulder muscles 9-20 ms prior to wrist muscles. Although this asynchrony may be slightly over 519 estimated because we have not accounted for all physiological details (e.g., precise nerve innervation 520 pattern; neuromuscular architecture), it is important to note that even small conduction delays could have 521 functional consequences for the execution of goal-directed actions, which can require temporal precision 522 on the order of 1-2 ms (Hore and Watts, 2011). Our results indicate that the neural network that supports 523 the long-latency stretch response may account for conduction delays by sending goal-dependent signals 524 to distal muscles prior to proximal muscles -a process that apparently sacrifices the absolute response 525 latency of muscles spanning proximal joints for a coordinated response across muscles spanning multiple 526 joints. Although the neural implementation of this process is unknown, the cerebellum is a likely node as 527 individuals with cerebellar damage display abnormal timing of the long-latency stretch response 528 compared to healthy controls (Kurtzer et al., 2013) . Indeed, a hallmark of cerebellar damage is the 529 inability to coordinate voluntary movement (e.g., ataxia, dysdiadochokinesia, dysmetria), and previous 530 functional brain imaging, patient and animal studies have shown that this region is involved in motor tasks 531 that require accurate timing (Ivry and Keele, 1989 We observed a similar phenomenon whereby goal-dependent activity in the long-latency epoch 547 was elicited in muscles that were not directly stretched by the mechanical perturbation. In our experiment 548 the visual targets were placed such that participants could succeed at the task by counteracting 549 perturbations applied at the elbow with movement at the wrist, and vice versa. Participants exploited this 550 relatively simple kinematically redundant relationship. Behavioural analysis revealed that the unperturbed 551 joint began to transport the hand towards the target approximately 150 ms following perturbation onset. 552
Critically, the magnitude of the long-latency stretch response increased in wrist (or elbow) muscles when 553 an applied elbow (or wrist) perturbation displaced the hand away from the target. The response at the 554 unperturbed joint was not merely an unselective increase in activity to stiffen the joint (i.e., co-contraction) 555 -rather, long-latency stretch responses selectively displayed goal-dependent activity only in muscles that 556 were appropriate for transporting the hand towards the target. 557
Our results motivate testing whether long-latency stretch responses can account for more 558 complex redundancy scenarios that arise, and can be exploited, during voluntary arm movements. When 559 aiming a gun, for example, repeatedly pointing the barrel towards the target could be achieved by 560 selecting the same set of shoulder, elbow and wrist angles on each shot -a solution that does not exploit 561 kinematic redundancy. However, Scholz and colleagues (2000) demonstrated that participants do exploit 562 kinematic redundancy in this type of task. That is, participants selected various joint configurations that 563 were structured so that the net effect kept the gun's barrel pointed at the target. Demonstrating that the 564 long-latency stretch response can account for the full scope of the arm's kinematic redundancy would be 565 an important step towards further establishing that executing goal-directed actions involves the rapid and 566 flexible use of sensory feedback. 
